Abstract. The Tunka Radio Extension (Tunka-Rex) is a radio detector at the TAIGA facility located in Siberia nearby the southern tip of Lake Baikal. Tunka-Rex measures air-showers induced by high-energy cosmic rays, in particular, the lateral distribution of the radio pulses. The depth of the air-shower maximum, statistically depends on the mass of the primary particle, is determined from the slope of the lateral distribution function (LDF). Using a model-independent approach, we have studied possible features of the one-dimensional slope method and tried to find improvements for the reconstruction of primary mass. To study the systematic uncertainties given by different primary particles, we have performed simulations using the CONEX and CoREAS software packages of the recently released CORSIKA v7.5 including the modern high-energy hadronic models QGSJet-II.04 and EPOS-LHC. The simulations have shown that the largest systematic uncertainty in the energy deposit is due to the unknown primary particle. Finally, we studied the relation between the polarization and the asymmetry of the LDF.
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Introduction
In the last years the community made a large step forwards to understand the radio emission from extensive air-showers produced by high-energy (greater than 100 PeV) cosmic rays [1] . Using simulations made with the CoREAS software [2] , several parameterizations describing lateral distributions of the radio amplitudes have been developed. The contributions from the two main mechanisms of the generation of the signal (geomagnetic [3] , and Askaryan or charge-excess [4] ) are either explicitly or implicitly included into all of these modern parameterizations. Basically, they can be grouped by experiments applying them (in order of increasing number of free parameters): Tunka-Rex (4 parameters, asymmetry ε is explicitly included into parameterization) [5] ; LOFAR, and later AERA (7 e-mail: dmitriy.kostunin@kit.edu parameters, describing two gaussian functions shifted respective to each other) [6] ; and the straightforward LOFAR approach (full simulation of radio footprints for each antenna position) [7] .
The asymmetry caused by interference between the Askaryan effect and the geomagnetic effect has already been treated within all modern approaches, and has been measured by means of the polarization study [8, 9] . In the present paper we will discuss its impact on the lateral distribution and the connection of the asymmetry with the shower maximum.
First, we study the model-independent behavior of the radio emission, then we check the influence and uncertainties given by different hadronic models. Finally, we discuss possible improvements for the reconstruction of the shower maximum.
Model-independent considerations and model-dependent uncertainties
Let us study the LDF using the following assumptions: the distribution of the electrons behaves as Gaisser-Hillas function and the density of the Earth's atmosphere falls exponentially with increasing altitude, namely we use the CORSIKA parameterization of the standard atmosphere [10] . The simple form of the amplitude of the radio signal E ν (r > r c ) beyond the Cherenkov bump r c with frequency ν at distance r from the shower axis is [11] :
, (1) where κ is the normalization coefficient (the dependence on geomagnetic angle α g has already been taken into account), N(h) is the number of electrons at the altitude h, and h ν 1,2 (r, n r ) are the integration limits depending on the distance to shower axis r and refractive index n r . In other words, this integral describes what parts of the air-shower contribute to the signal E ν (r). The curves denoting the behavior of h ν 1,2 (r, n r ) are presented in Ref. [12] . One can see from Eq. (1) , that the height of the shower maximum h max is encoded in the slope of the LDF. Simplifying f int = 1 one still conserves the correlation between E and h max (see Ref. [12] ), what means, that the radio signal has a high sensitivity to the position of the shower maximum. On the other side, this one-dimensional slope method does not give additional information on the type of primary particle.
To study uncertainties given by hadronic interactions and shower-to-shower fluctuations, we performed simulations with the recently released CORSIKA v7.5. Both, QGSJET-II.04 and EPOS-LHC yield almost the same radio amplitude with the difference less than one given by shower-to-shower fluctuations. They both show a shift of 12% between proton and iron in the radio energy deposit, which is much larger than the effect of shower-to-shower fluctuations for these particles: 5% and 1.3% for proton and iron, respectively. This uncertainty can be reduced by taking into account information from muon detectors, in our case we plan to combine measurements of Tunka-Rex and Tunka-Grande [13, 14] .
Hints from the charge-excess asymmetry
In the work [5] it is shown that the charge-excess asymmetry has a non-trivial dependence on the distance to the shower axis, particularly, the asymmetry features a local maximum depending on the distance to the shower maximum (see Fig. 1 ). This structure was obtained by analyzing the polarization of CoREAS simulations at individual antenna positions. In the present section we discuss the structure of the asymmetry by means of a completely different approach: we try to extract it by Figure 1 . Askaryan asymmetry ε(r) (Eq. 4) normalized to a geomagnetic field in Tunka Valley as a function of distance to the shower axis. Points indicate polarization measurements be LOFAR [9] (green) and CoREAS simulations [5] (blue and red). Black solid line indicates LDF asymmetry ε(r) from Eq. (4). The blue band is the polarization measurements by AERA [8] (with uncertainties), the dashed line is the theoretical prediction for Tunka-Rex [5] .
combining the Tunka-Rex [5] and AERA [15] LDF parameterizations of the amplitude E depending on the coordinate r in the shower plane withê x the direction of the geomagnetic Lorentz force.
Let us write down the AERA parameterization:
parameters of which are described in Ref. [15] , and the Tunka-Rex parameterization:
with parameters described in Ref. [5] . One can see, that the asymmetry term ε(r) is in Eq. (2) only implicit. The asymmetry appears along the Lorentz force, thus we define r x = (r, 0):
We take C 0 -C 4 from Ref. [15] for a zenith angle of θ = 45
• , a typical geomagnetic angle for this zenith of α g = 45
• and a width of the main gaussian σ = (−2a 2 (E, θ)) −1/2 = 152.32 m, where E = 1 EeV, and a 2 (E, θ) is defined in Ref. [16] . By this calculation, the Askaryan asymmetry of the polarization can be directly compared with the Askaryan asymmetry of the lateral distribution. The comparison is presented in Fig. 1 . One can see, that both definitions are in good agreement, which leads to an interesting conclusion: the asymmetry (or charge-excess) information can be extracted from the more simple measurement of the total radio amplitude, instead of precise measurements of the components of the electrical field. Measuring the amplitude asymmetry requires higher number of stations per events, but lower signal-to-noise ratios. Moreover, as it was shown in Ref. [5] , the behavior of the asymmetry is connected to the distance to shower maximum, i.e. an accurate measurement of the asymmetry by either means should be sensitive to the mass composition. Finally, the asymmetry contains information not only on the total number of the charge particles, but also on the dynamics of their creation.
Summary
In the present work we have studied ideas how to better reconstruct the primary mass using radio measurements. Since radio detectors feature calorimetric measurements, the main property related to mass composition is the shower maximum. We have shown with simple calculations, that the Gaisser-Hillas distribution of the particle cascade produces an exponential-like lateral distribution of the amplitudes far from the shower axis, and the position of the shower maximum is directly encoded in the slope of this exponent. However, radio is sensitive only to the electromagnetic component of air-showers, which leads to an additional uncertainty of 6% in energy estimation due to unknown primary particle.
As an alternative to the slope method we have studied other properties of the LDF. We found that the asymmetry, which is slightly sensitive to shower maximum, can be equally well determined from amplitude and polarization measurements. We now plan to introduce this study to our standard analysis of the recently upgraded Tunka-Rex array.
